Three statistical models that predict microbial interactions within the vaginal environment are presented. A large data set was assembled from in vivo studies describing the healthy vaginal environment, and the data set was analyzed to determine whether statistical models which would accurately predict the interactions of the microflora in this environment could be formulated. During assembly of the data set, two new variables were defined and were added to the data set, that is, cycle (sequence of menstrual cycle) and flow stage (subdivision of cycle determined by day of menstrual cycle). Concentrations of total aerobic (includes facultative) bacteria, total anaerobic bacteria, and a Corynebacterium sp. were identified by correlation analysis as variables with significant predictors. By using a regression method with a backward elimination procedure, significant predictors of these outcome variables were identified as the concentrations of LactobaciUus spp., anaerobic Streptococcus spp., and Staphylococcus spp., respectively. For all three outcome variables, pH and flow stage were also identified as significant independent variables. Because some of the data in the data set are repeated measurements for a subject, a mixed-effect model that accounts for the random effects of repeatedmeasurement data fit best the data set for predicting interactions between various members of the vaginal microflora. The predictive accuracies of the three models were tested by a comparison of model-predicted outcome-variable values with actual mean in vivo outcome-variable values. From these results, we concluded that it is possible to accurately predict vaginal microflora interactions by using a mixed-effect modeling system. The application of this type of modeling strategy and its future use are discussed.
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Knowledge of the vaginal microflora has improved considerably from the classic view that the vagina is colonized with a homogeneous population of lactobacilli. More recent studies have produced the most accurate and complete descriptions of the vaginal microflora, in part, because of improved culturing techniques. It is now known that the vaginal environment is a complex and dynamic ecosystem with a microflora that is not homogeneous by any means.
The microflora of a healthy vagina is present at a level of 108 to 109 CFU/g of secretion and is predominantly made up of gram-positive organisms (3, 10, 14) . The numerically dominant, frequently isolated members of the vaginal microflora are Lactobacillus spp., a Corynebacterium sp., Streptococcus spp., Staphylococcus epidermidis and other coagulase-negative Staphylococcus spp., Bacteroides spp., Eubacterium spp., Mycoplasma hominis, and Peptostreptococcus spp. Less frequently isolated organisms include Micrococcus spp., Propionibacterium spp., and Veillonella spp. Rarely isolated organisms include a Clostridium sp., Ureoplasma urealyticum, a Fusobacterium sp., Staphylococcus aureus, Neisseria spp., and Gardnerella vaginalis (2, 3, (8) (9) (10) (11) (12) 14) .
During a single menstrual cycle, both the phenotype and the concentration of anaerobic and aerobic bacteria can vary significantly (2, 3, 7, 8, 18, 22) . The concentration of anaerobes remains constant throughout the menstrual cycle, while the total aerobic and facultative organism concentrations decrease 100-fold during the week preceding menstrual flow (2) . During menstrual flow there is a decrease in the total bacterial concentration, while an increase in the concentrations of various individual anaerobic organisms is observed (16) (17) (18) increase in the concentrations of other gram-positive organisms, such as Staphylococcus spp., Corynebacterium spp., and Streptococcus spp., have also been reported to occur during menstrual flow (8, 17, 22) .
The microflora of the vaginal environment significantly affects the host's general state of health by acting (not unlike mucosal surfaces or skin) as a biological barrier to infectious agents (5) . While most studies of the vaginal environment focus on describing the microflora, few studies attempt to unravel the complex microbial interactions inherent to this barrier. We set out to identify these microbial interactions and use them to formulate statistical models that predict the state of this protective microbial barrier. Using data describing the vaginal ecosystems of nonpregnant, menarcheal women, we formulated three mixed-effect models that predict the interactions between microorganisms within the vaginal ecosystem.
MATERLILS AND METHODS
Data set. The data set assembled for the present study consisted of a subset of information selected from a database containing 1,890 data records and 39 variables from in vivo studies (13, 16, 17) . Each record consisted of data obtained from the sampling of a subject. Samples could be obtained from a subject once or multiple times during a study. This characteristic of the data set was taken into account during analysis when the mixed-effect model was used for regression analysis.
The exclusion criteria for the in vivo studies were thorough to ensure that only women with a healthy vaginal microflora were included (13, 17 Two new variables, cycle (indicating the sequence of the menstrual cycles of a subject) and flow stage (a subdivision of cycle, determined by analysis of variance of outcome variables between cycle days), were added to the data set.
Bacteriological analysis. The sampling and culturing methods used in the studies are described in detail elsewhere (17) . In brief, the duplicate-swab technique was used to sample the vaginal vault. Serial dilutions of the sample were plated onto various selective and nonselective media for the recovery of facultative and anaerobic microorganisms. For the recovery of anaerobic bacteria, the following media were used: prereduced Brucella base agar with 5% sheep blood containing hemin and vitamin K1, each at 10 mg/liter (BMB); BMB with 150 jig of neomycin sulfate per ml; and prereduced Brucella base agar with 5% laked sheep blood, 100 ,ug of kanamycin per ml, 7.5 ,ug of vancomycin per ml, and hemin and vitamin K1, each at 10 mg/liter. The media used for the recovery of facultative organisms were 5% sheep blood in tryptic soy agar, mannitol salt agar, and MacConkey agar. Chocolate agar was used for the recovery of fastidious organisms (Adams Scientific, Inc., Fiskeville, R.I.).
All colony types were isolated and identified by established criteria (16) (17) (18) . Briefly, facultative gram-positive cocci were identified by using conventional media and dichotomous keys (1) (Fig. 1) , the data from each individual flow stage within cycles 1 to 4 were combined. Analysis of these combined data showed that for flow stages 1 to 3 there was no significant difference among mean TAB concentrations, but there was a significant difference among mean TAnB concentrations (P = 0.0152) and among mean pH values (P = 0.0001).
Model formulation. After adjustment for cycle and flowstage effects, the data set was analyzed by using a correlation matrix to identify outcome variables and their correlated independent variables. The concentration of Lactobacillus spp. was found to be positively correlated with the TAB concentration (r = 0.4560), the concentration of anaerobic Streptococcus spp. was found to be positively correlated with the TAnB concentration (r = 0.3720), and the concentration of Staphylococcus spp. was found to be positively correlated with the concentration of the Corynebacterium sp. (r = 0.6898). Moreover, pH and flow stage were found to be significant independent variables in all three models (P c 0.1000). Therefore, we had three outcome variables (TAnB, TAB, and Corynebacterium sp. concentrations) that could be modeled by using a number of independent variables.
Other statistical models were tested (multiple linear regression, regression with damped exponential correlation structure), but the mixed-effect model for repeated-measure data best fit the data set for predicting bacterial interactions by using covariate variables. In the mixed-effect model, data for each subject were modeled as a parametric function, in which some of the parameters or "effects" were random variables with a multivariate normal distribution and some were fixed (11). The In all three models, bo, b1, and b2 are random effects associated with each subject. Either 0 or 1 is substituted for flow stages 1 and 2 according to the flow-stage status of the data, as follows: 0 if the data are not from the particular flow stage and 1 if data are from the particular flow stage. In the case of flow stage 3 data, 0 is substituted for both flow stage 1 and flow stage 2.
Testing of data set variability. The distributions of the random-effect coefficients (RECs) bo, bl, and b2 for each model were calculated to determine the variability between each subject used in the analysis. 
DISCUSSION
The primary aim of the present study was to formulate statistical models with which to predict microbial interactions in the vaginal ecosystem. In the process of model construction, two factors, pH and flow stage, were identified as significant independent variables. These findings were not unexpected since in vivo studies had suggested that both variables could have an impact on the vaginal ecosystem. Other researchers have proposed pH as a primary mechanism in the control of the vaginal environment, since pH has been associated with changes in the microflora (19, 21) . Flow-stage (i.e., rate of menstrual fluid secretion) effect is not as well defined and may represent the effect of menstrual fluid on the vaginal ecosystem. The menstrual cycle has been implicated as a factor influencing the composition of the vaginal microflora (15) , with the most numerous changes occurring during menstrual flow (8, 16, 17, 22 Both the determination of RECs and the comparisons of the predicted and actual mean values for the outcome variables of the three mixed-effect models verify the accuracy of the restructured data set. The precision of the data set is important to the success of future studies, which will focus on the identification of the microbial interactions involved in the prevention of infection and the formulation of predictive models that will differentiate between a healthy vaginal ecosystem and one that is at risk for infection or disease. We conclude that the use of the mixed-effect model for repeatedmeasure data is a novel approach to the statistical modeling of a host-microbe ecosystem. 
